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ABSTRACT 

High-enerB^ x-ray spectra of the Crab Nebula, Cyg XR- 
1 , and Cen A have been determined from observations 
with the scintillation spectrometer on board the OSO-8 
satellite, launched in June, 1975. Each of these sources 
was observed over two periods of 8 days or more, en- 
abling a search for day-to-day and year-to-year varia- 
tions in the spectral and temporal characteristics of the 
x-ray emission. No variation in the light curve of the 
Crab pulsar has been found from observations which 
span a 15-day period in March 1976, with demonstrable 
phase stability. Transitions associated with the binary 
phase of Cyg XR-1 and a large change in the emission 
from Cen A are reported. 

Keywords: X-Rays, Pulsar, X-Ray Binary, Galaxy, 
Astrophysics 

1. INTRODUCTION 

High-energy x-ray observations are probes of that por- 
tion of the electromagnetic spectrum in which the source 
emission mechanisms change from predominantly ther- 
mal processes to magneto-bremsstrahlung, nuclear re- 
actions, and other high-energy processes. Because this 
is also the energy range in which the interaction mech- 
anisms undergo transition, detector techniques must be 
uniquely suited to achieve the wide dynamic range and 
high sensitivities required. The high-energy detector 
on board OSO 8 is an actively shielded scintillation spec- 
trometer of the type originally designed by Frost et al . 
<1966). The center of the detector consists of two op- 
tically Isolated CsI(Na) crystals each 1.27 cm thick. 
These arc shielded by an active CsI(Na) collimator, as 
shown in Figure 1. Seventeen parallel holes, drilled 
thmigh the top shield crystal to one of the two central 
crystals, allow the unimpeded passage of a fraction of 
x-rays from the forward direction. X-rays from all 
other directions are attenuated by a shield thickness of 
at least 5 cm. This configuration provides a total sensi- 
tive area of 27. 5cm^ and an aperture with a circular 
FWHM of 5.1*. TTie second completely shielded central 
crystal serves to monitor the internal background of the 
Instrument. The choice of electronic gains available on 
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Figure 1, The OSO 8 high-energy scintillation spec- 
trometer. The detector has a sensitive area 
of 27. 5 cm^ , a circular aperature of 5. 1* 
FWHM, and a sensitive area x solid angle 
factor of 0. 25 cm* sr. 

command from the ground allows the analysis of incident 
spectra between phottm energies of 20keV and 3MeV. 
The measured energy resolution of the detector is given 
by FWHM = 1.45 E“ ’ keV, where FWHM is the full width 
at half-maximum, in keV, of a monochromatic line at 
EkeV, This gives an energy resolution <FWHM/E) of 
21% at 662 keV, and 36% at 100 keV, 

The instrument is mounted with the axis of its field of 
view offset by 5° from the negative spin axis of the ro- 
tating wheel as indicated in Figure 2. Once every 10 
seconds, the wheel rotation period, a source positioned 
5" from the spin axis will pass through the center ' I she 
field of view. The time resolution of the Instrument is 
0. 3 ms. Because of the pointing requirements of the 
spacecraft, the spin axis is constrained to precess 
aroun<l the sky once every year, always lying within 4° 
of a great circle, one pole of which is the direction to 
the sun. The resultant geometry allow observations 
of any source near the ecliptic for a masimum duration 
of 18 days. This detector provides the highest duty 
factor and the finest time resolution of any of its kind 
for observations over such extended periods. For 
a complete description of the instrument and its 
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Figure 2. A schematic outline of the experiments on 

board ^ OSO-6 spacecraft. The high-energy 
x-ray spectrometer is mounted in the wheel 
with the axis of its field of view offset by 5* 
from the negative spin axis. 

operation on board the spacecraft, see Dennis et al. 
(1977). 

The results reported here are based on the first 18 
months of observations with the 060-8 satellite. These 
include observations of the Crab Nebula and the associ- 
ated pulsar NP0S32 in March 1976, observations of C^g 
XR-1 in November 1975 and during October and Novem- 
ber 1976, and observations of Cen A during July and 
August of 1975 and 1976. 


2. OBSERVATIONS OF THE CRAB NEBULA 

Hie x-ray spectrum of the Crab Nebula has been mea- 
sured many times in the past 12 years and considerable 
evidence has been accumulated indicating that the inten- 
sity has not changed significantly during that time (Toor 
and Seward 1974). The spectrum is well represented by 
a single power law over a wide energy range. However, 
there still exists some uncertainty about the constancy 
of the source and the exact shape of the spectrum at 
highet energies (greater than 20keV). In the past, most 
of the observations at these higher energies have been 
made from balloon-borne instruments. Systematic un- 
certainties associated with calculaticms of the absorption 
by tte overlying atmosphere have left the measured 
spectrum open to question. With theOSO-8 high-energy 
spectrometer, the energy spectrum of the Crab Nebula 
has been determined with a precision not previmisly pos- 
sible up to 500 keV. 

The Crab Nebula and its associated pulsar, NP0532, were 
observed between 1976 March 9 and 23. The data re- 
duction and analysis procedures employed in this work 
are described by Dolan et al . (1977b). The spectrum de- 
rived from these observatimts is presented in Figure 3. 
The {dioton spectrum is well represented by a power law 
of the form dN/dE = C(E/Eo)‘“ photons cm‘^ s*’ keV*' 
with C • (4.19 ± 0.14) X 10'’ photons cm"’ s'* keV' , 



Figure 3. The photon spectrum of the Crab Nebula ob- 
served between 1976 March 9 and 23. The 
error bars on each point are ± one standard 
devlatlcm in the measured flux as propagated 
through the reduction procedure. The straight 
line is the power law spectrum suggested by 
Toor and Seward (1974) between 2 and lOOkeV, 
with C = 9. 5(^1. 0) fhotons cm'* s'* teV and 
o= 2.08 (±0,05) for Ep= 1 keV. 

Eo = 39. 1 keV, and a = 2, 00 ± 0. 06. Comparison of the 
spectra derived from individual, one-day observations 
with the average spectrum shown in Figure 3 reveals no 
evidence for day-to-day variatimis In the spectrum of 
the source. 

From observatlms of t)» Crab Nebula prior to 1973, 
Toor awJ Seward (1974) conclude that the total emission 
between 2 and 100 keV is steady over a time scale of 
years and that the spectrum of the Crab Nebula is a 
power law with a= 2,08 ± 0.05. The results presented 
here are consistent with their ccmclusions and provide 
further evidence for the single power law character of 
the spectrum out to at least 200 keV and probably to as 
high an energy as 500 keV, 

The reported variaticms in the spectrum of the Crab 
Nebula from balloon-borne observations emj^asize the 
importance of measurements from satellites, where the 
problem of correcting for the absorption in the over- 
lying atmosf^ere is not present. The only other sat- 
ellite measurements at energies of 60keV and above 
were reported by Schwartz (1969) and Carpenter et al . 



(1976). Their observed spectra are In agi-eement with 
ours. 

if a single power law spectrum with an index of -2. 0 to 
-2. 1 is assumed for the Crab Nebula up to energies on 
the order of 500 keV, then significant changes must be 
made in various models of the Nebula. Cocke (1975) as- 
sumes a power law Index of -2. 3 at energies above 
0. 1 keV. He concludes from the extrapolation of this 
spectrum to lower energies and from the radio, infrared, 
and ultraviolet observations that there must be two breaks 
in the electromagnetic spectrum - one at 3 x 10 and 
a second at 3 x 10‘*Hz. The x-ray spectrum with a 
slope of -2.08 extrapolated back in frequency shows that 
only one break is needed, at »10*^Hz, This break is 
usually interpreted as resulting from the transition be- 
tween synchrotron losses at low energies and electron 
escape from the Nebula at high energies. The break at 
10^^ Hz also means that the electron injection energy for 
the pulsar into the Nebula can be characterized by a 
Lorentz factor 7 = 7 x 10* , in agreement with analytical 
calculations cited by Cocke. 

We conclude, with Toor and Seward, that the total 
emission of the Crab Nebula x-ray source shows no long- 
term variability and that the x-ray spectrum itself can 
be described by a single power law out to energies of at 
least 500 keV. 

The x-ray light curve of the Crab pulsar and the pulsed 
fraction of emission have been determined from the OSO- 
8 observations for the energy range 23 to 393 keV. The 
existence of permanent or transient structure, in ad- 
dition to the well-known double peaked structure of the 
pulsar light curve, has been suggested by several ob- 
servers (cf. Helmken 1975). Observations of such 
structure have been made by balloon-borne instruments 
and have, therefore, been limited to time scales on the 
order of minutes or hours. The observations reported 
here are the first made with a single detector to look for 
variations in structure on a time scale of days. For a 
more complete discussion, see Maurer et al . (1977). 

The light curve for the energy range 23 to 103 keV, shown 
in Figure 4, resembles the light curve observed at lower 
energies with little distinct structure in the interfxilse 
region. The data in this energy range were used to 
search for day-to-day variations in the structure of the 
pulsed emission. The light curve for each day was com- 
pared to the light curve obtained from the sum of all 
accumulated data, using the ohl-squared test. No statis- 
tically significant variations were found. 

The pulsed fraction of emission is shown in Figure 5. 

The calculation of the pulsed fraction of emission as a 
means of characterizing the spectral properties of the 
pulsed emission is both convenient and useful. Because 
it is a ratio of fluxes at the same photon energy, this 
parameter is indepei^ent of problems associated with 
Interstellar scattering and absorption, absorption in 
overlying atmosphere, and detector response. It there- 
fore facilitates the comparison of spectral information 
obtained from different experiments. Although some 
deviation from the fit of Thomas and Fenton (1975) 
is observed above 103 keV, the data from 23 to 103 keV 




Figure 4. Light curve of the Crab Nebula and the 
associated pulsar NP0532. 
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Figure 5. Pulsed fraction of emission from the Crab 
Nebula observed with the high-energy 
scintillation spectrometer on board OSO 8, 


3 





are In excellent agreement with thetr prevloualy re- 
ported fit. 

The Cr^ Netxila and Ite associated pulsar were da- 
served a second time in March 1977, Hie data from 
these more recent observations will be analyzed in the 
same fashion as the results pr%. sented here. A meas- 
ure of the year-to-year variability will be obtained. If 
no indication of variability is found, the data from both 
sets of observations will be combined to enable more 
statistically significant analysis of the spectral char- 
acteristics of the steady and the pulsed emission. 


3. CYGNUS XR-1 

The high-energy x-ray source, Cyg XR-1 was diserved 
in 1975 from November 11 to 19 and again in 1976 from 
October 27 to November 15, excluding the period from 
November 1 to 7. In the energy range 3 to 6keV, this 
source has been reported by many authors to exhibit a 
variable intensity between states which differ in flux by 
a factor of 3 (cf. Holt et al. 1976). Although the tran- 
sitions b<‘tween these "high" and "low" flux states occur 
iit triCj;-J‘ar intervals, the transition itself usually takes 
no more than one day in either direction. We report 
here an dbservation of such a transition at energies 
above 20keV wh);'h shows that the spectrum of Cyg XR-1 
exhibits the plvoitog effect during intensity transitions 
expected from tvo-temperature accretion disk models 
of the x-ray emitting region (%apiro et al . 1976, Eardley 
and Lightman 1976). 

The raw counting rates during the 1975 observations in 
the interval 23 to 153 keV are shown in Figure 6. Data 
are grouped in intervals of 0.55995 days, or a {^ase 
interval of one-tenth the period of the HDE 226868 bi- 
nary system. A decrease in counting rate of ' A0% was 
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Figure 6. The counting rate (Ataerved from Cyg XR-1 
in the energy range 23 to 153 keV during 1976 
as a function of the binary phase of the system. 


observed to occur on November 16 vlth the source re- 
maining at a significantly lower counting rate after the 
transition than before it. Comparlscm with 3 to 6 keV 
proportional ccmnter data reported by Holt et al . (1976) 
reveals a simultaneous rise in the lower-energy counting 
rate. 

Our observations for 1976 are shown in Figure 7. The 
23 to 153 keV intensity was higher than that observed in 
1975, indicating that a reverse transition must have 
occurred between the two dtiservitions. In agreement 
with the report of such a transition in February 1976 
by Holt et al . (1976). The decrease observed by us to 
occur on November 14 probably does not correspond to 
a change in intensity state at low energies; the 23 to 
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Figure 7. The counting rate observed from Cyg XR-1 in the energy range 23 to 153 keV during 1976 
as a ftmctitm (d the binary phase of the system. 
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energy rmget. Prom tbe <^eervBtlona of Coe et el . 
(1976), this ptvot point oocure at '7keV, 


153 keV flux after the tnmaitlon Is stlU above that ob- 
aerved by ua befo<^ flie transition in 1975. Instead, It 
Illustrates tie targe Intiinslo variability present In tl» 
source even when In tbe "low" state at lower x-rey en« 
ergles. No J to 6 keV proportlMutl counter data are 
available for comparison as of this writing. 

Typical spectra taken during periods of high and low In* 
tensity are shown in Figure 8. BoA spectra are well 
represented by power law spectra of the form dN/dE ” 
CIE/Eo)*^ . 'liie quoted uncertainties are 68% ccmfldence 
intervals calculated according to the method outlined by 
Lami^on et al . (1976). The anti-correlation between 
intensities at lower and higher energies indicates that 
the spectrum must ptvot about a politf between the two 
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Figure 8. TyjHcal i^toa spectra Cyg XR-1 (^served 
during a 3to6keV "low" state (crosses, above) 
and a "hl^" state (diamcmds, below), l%e 
error bars represent ± «ie standard deviation 
in the measured flux. The straight lines are 
power law fits to the spectra with C = 1. 8(±0. 1) x 
10*^ f^otons cm'^ s'* keV* and o * 2.1(*0. l)for 
Eq = 73.6keV on 1976 November 10 and C = 
l.0(±0,2) X 10*^ phc^tma cm'* s'* keV* and 
o = 2.4<M1.4) for £„ * 57. 2keV on 1976 
November 17, 


This pivoting behavior (or "see*saw" effect) is predicted 
by models in which the x*ray emission is produced in a 
two*temperature accretion disk surrounding the sec- 
ondary cmnponent of tte btaiary system, A discussltm 
of the results presented here is given by Dolan et al. 
(1977a) in light of these models. That analysis leads to 
the speculation that transitions in tbe luminosity are 
linked to variations in the mass transfer rate from the 
pcimaiy to the accretion disk surrounding tte second- 
ary. ha a model proposed 1^ Alme and Wlls<m (1976) 
nearly all the mass Is transferred in an interval approx- 
imately one day long near periastrai. It will be inter- 
esting to see whether the correlati«m of commencement 
time with phase near perlastron is borne out in future 
transitions. 


4. CENTAURU8 A | 

Centaurus A (NGC 5128) is a peculiar radio galaxy with | 
an active nucleus that emits radiation over tbe entire I 

electromagnetic spectrum. In tte radio range, Cen A 
consists of two separate sets of radio l<^s (W»ie et al . 

1971) centered on the nuclear component. The outer 
radio lobes are approximately S degrees a(»rt and tbe 
inner lobes are separated b) S.Sarc minutes. OfAlcaUy, 

Cen A is an EO type galaxy vith an discuring dust laim 
girdling the equator. A neai • tfrared ( <1 micron) "hot 
spc^" with an angular size of approximately 5 ar<' sec- 
onds (linear dimension of *20 pc) has been observed at 
the center of the galaxy b»' Kunkel and Bradt (1971), | 

Cen A has been observed ,'t x-ray wavelengths inter- 1 

mittently since 1971. Thes,' i^servations provide evi- j 

dence for marked variability in ^*’e intensity and also J 

surest changes in the spectral index. An increase of | 

tbe x-ray flux in the energy range 2-60 keV over an | 

interval of six days has been deserved by Winkler and 
White (1975). At lOOkeV, the photon flux is sufficiently 1 
low that day-to-day variations are difficult to measure 1 

and none has been observed, but a significant Increase J 

did occur In the Interval between 1971 and 1973 at this | 

energy. At 7 ray energies, an upper limit of 10*^2 ergs 
cm'* S'* Hz'* at approximately 250Mev has been d^ined ^ 
by Flehtel et al. (1976). An integral flux of 4,4 * 1 x | 

10**' diotons cm'^ s'* at energies greater than 3 x 10** eV 
has been reported by Grlndlay et al , (1976), 3 

Observations of Cen A were carried out with the high- 
energy scintillation spectrometer on board OSO 8 in 1975 
from July 29 to August 3 and again in 1978 from July 28 
to August 7. Radio microwave observaticma of Cen A 
were also carried out througdiout this time perloQ. These | 
data, together with x-ray and radio observaticms are 
discussed in detail by Beall et al. (1977). Day-to-day j 

variability is seen in the microwave flux and in the 1 to 1 
40keV x-ray flux reported by Winkler and White (1975). 

These short term variations are superimposed on Icmger | 
term variaWllty which is seen also in the lOOkeV x-ray 1 
flux density, presented in the upper porttcm of Figure 9. 

The x-ray spectrum of Cen A is well represented by a 
power law as shown for the 1975 observations in Figure ^ 
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Flgur 9. History of the 100 keV intensity and the power 
law spectral it^x of Cen A fr«» 1068 to 
1977. 

10. The index, however, varies as can be seen in the 
lower portion of Figure 9. The observed radio and x- 
ray intensities show some concurrent variations but do 
not track one another throughout these observations. 

A new model has been proposed by Beall et al . (1977) to 
explain the temporal and spectral characteristics of the 
electromagnetic radlaticm from Cen A. As in the models 
of Grlndlay (1976) and Mushotrky (1977), the radio emis- 
sl<m is assumed to be due to synchrotron radiation. In 
contrast to these cAher models, Beall et al . suggest a 
model for the nucleus of Cen A in which x-rays are pro- 
duced inverse Compton scatterings of a blackbody 
radiation Reid by the relativistic synchrotron electrons. 
The blackbody i^oton distribution is assumed to come 
from stars in the nucleus as suggested by both the In- 
frared measurements of Kunkel and Bradt (1971) and by 
the optical measurements of van den Bergh (1975), The 
angular diameter of 5 arc secomi and the temperature of 
250 K obtained for the Infrared source places an upper 
limit on the energy in the relativistic electrons in the 
emitting region. The ccmcentration of hot blue stars in 
the vicinity of tl^ nucleus suggested by van den Bergh 
(1975) implies a starlight photon field with a temperature 
of 10* K. Hits blackbody photon dlstrilHitimi is used in 
calculating the magnetic field and the linear dimenslcm of 
the source. The lack of ccmcurrent variability between 
the radio and x-ray data is Interpreted within tlie 
blackbody-Comp^on model as being the result of an ex- 
panding cloud of relativistic s)'nchrc<r«» electrons leav- 
ing the region In which the energy density of the black- 
bmfy l^iotons is high. Upper limits obtained with the 



Figure 10. ITie {^oton spectrum of Cen A observed 
between 1975 July 29 and August 3. The 
error bars represent t on# standard devi- 
aticm in the measured flux. The straight 
line Is a power law fit to the data with C ■ 
1.7(t0.2) X lO"* photcHis cm'* s'* keV' and 
a - l,49(i0.18) for I’,, • 100 keV. 

model ih.icate that tlwre may be suhiclent energy avail- 
able in the nucleus to form radio lobes with the same 
total energy as those already present. 
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